OBJECTIVE: To determine the effect of exercise training (ET) on components of the insulin resistance syndrome (IRS) in obese children. DESIGN: Randomized, modi®ed cross-over study, with subjects assigned to one of two conditions: (1) 4 months of ET followed by 4 months of no-ET; or (2) 4 months of no-ET followed by 4 months of ET. Measurements were made at three time points: 0, 4 and 8 months. SUBJECTS: 79 obese, but otherwise healthy children (age: 7 ± 11 y, percent fat (%fat) 27 ± 61%). MEASUREMENTS: Plasma lipid and lipoprotein concentrations, plasma insulin and glucose concentrations; %fat; submaximal heart rate (HR) as an index of ®tness. EXERCISE TRAINING: ET was offered 5 daweek 40 minad. For the 73 children who completed 4 months of ET, the mean attendance was 80% (that is, 4 daweek) and the average HR during ET was 157 bpm. RESULTS: Signi®cant (P`0.05) group x time interactions were found for plasma triglyceride (TG) and insulin concentrations and %fat. The average change for both groups, from just before ET to just after the 4 month ET was À0.24 mmol Á l À1 for TG, À25.4 pmol Á l À1 for insulin and À1.6 units for %fat. When Group 1 ceased ET, over the following 4 month period the average change for insulin was 26.6 pmol Á l À1 and for %fat 1.3 units. CONCLUSION: Some components (plasma TG, insulin, %fat) of the IRS are improved as a result of 4 months of ET in obese children. However, the bene®ts of ET are lost when obese children become less active.
Introduction
In adults, obesity is associated with an insulin-resistant syndrome (IRS) that is characterized by hyperinsulinaemia, dyslipidaemia, hypertension and an increased risk for cardiovascular disease (CVD). 1 Aspects of the IRS can already be seen in obese children, 2, 3 suggesting that interventions to counteract the development of the IRS should be explored in childhood.
Exercise training (ET) is one non-pharmacological treatment that improves the IRS, by improving insulin sensitivity and lipid pro®les, thereby decreasing CVD risk. 4, 5 Little information exists as to how obese children prone to IRS respond to ET. Gutin et al 6 found reductions in percent body fat (%fat) and in plasma triglyceride (TG) concentration, and the total cholesterolahigh density lipoprotein cholesterol (TC-HDLC) ratio in young obese children, following ET and lifestyle education classes. In contrast to these ®ndings, some studies have found no changes in lipid and lipoprotein concentrations following ET in children. 7, 8 The reason for these discrepancies is unknown, but may be related to whether the subjects participated in an adequate amount of ET and whether the subjects were obese at baseline.
The present study was designed to cast light on the in¯uence of exercise, without dietary intervention, on the components of IRS, by: (1) recruiting obese children who would be expected to have many characteristics of IRS; 2 (2) controlling and monitoring the ET so that an adequate dose could be explored; and (3) using a modi®ed cross-over design, so that the in¯uence of ET cessation could be explored as well. Blood pressure (BP) data will be presented elsewhere in a paper that reports on a number of haemodynamic and left ventricular variables.
Methods

Subjects
Obese children aged 7±11 y were recruited via¯yers sent to parents of children who attended schools near the Medical College of Georgia, and through advertisements placed in community and hospital newspapers. Interested children and parents were invited to the institute, to view a videotape which illustrated the entire protocol and to sign informed consent documents in accordance with procedures of our Human Assurance Committee. To be included, a child needed to have a triceps skinfold greater than the 85th percentile for gender, ethnicity and age 9 not be involved in any other weight control or exercise program, and not be restricted as to physical activity. Children underwent baseline testing and were randomly assigned, within gender and ethnicity, to Group 1 or Group 2. (Table 1) shows the descriptive characteristics of the subjects (age, height, weight, ethnicity, gender). Although puberty status was not formally assessed, female subjects were queried concerning menstrual status prior to each body composition measurement. All were premenarcheal at baseline, but three girls indicated that they reached menarche by the end of the study. However, when data were analyzed after omitting these three subjects similar results were found, thus the data presented here represent all the subjects. Puberty status of the boys was not obtained.
Testing sessions were conducted at baseline, after 4 months and 8 months of the experimental period. Group 1 engaged in ET for the ®rst 4 month period and then ceased formal ET for the next 4 months, while Group 2 did not engage in ET for the ®rst 4 months and then engaged in ET for the next 4 months. Baseline testing was completed by 81 children and two were dropped for medical reasons before randomization. Although 79 subjects began the study, three subjects from Group 2 did not return for 4 month testing; thus, 76 subjects were tested at the 4 month time point. Three children from each group withdrew from the study during the next 4 months resulting in 70 subjects being tested at month 8.
Anthropometics
Weight was assessed with a balance scale and height with a stadiometer. Total body composition was estimated with dual energy x-ray absorptiometry (DEXA) using the Hologic QDR-1000 (Waltham, MA). DEXA divides the body into three compartments (fat, bone, fat-free soft tissue) and estimates %fat. Roemmich et al 10 found that DEXA may overestimate absolute %fat values by approx 2% fat units in children, as compared to a four compartment body composition model. However, its ease of administration and its high reliability 11 make it a good technique for longitudinal studies of children.
Blood Sampling and Analysis
Subjects reported to the laboratory between 08.00± 09.00 h following a 12 h fast. Without stasis, a 20 ml blood sample was obtained from an antecubital vein into vacutainers containing EDTA. Tubes were inverted gently and stored in an ice bath until centrifugation. Following red cell separation (4500 g for 10 min) plasma was stored at À70 C until analysis. Blood and plasma assays were completed at certi®ed laboratories at the Medical College of Georgia (39 children who participated in the ®rst year of the project) and at Emory University (40 children who participated in the second year). Although the laboratories used somewhat different analytical techniques, blood from all three visits for each wave of subjects was assayed in the same laboratory. Plasma TG concentration was assayed enzymatically with a commercialized kit (Sigma Diagnostics, St Louis, MO). Plasma HDLC concentration was obtained after precipitating apolipoprotein (apo) B containing lipoproteins with phosphotungstic acid and magnesium chloride or Dextran sulfate and magnesium chloride. 12 Plasma low density lipoprotein cholesterol (LDLC) concentration was calculated using the Friedewald equation l3 or by ultracentrifugation. 14 Apo A-I and B concentrations were measured by nephelometry 2 or by immunoturbidometric methods using kits from Incstar (Stillwater, MN). Lipoprotein (a) (Lp(a)) concentration was determined by ELISA (Strategic Diagnostics, Newark, DE). Sensitivity of this measure is 0.5 mgadl. Low density lipoprotein (LDL) particle diameter was determined by nondenaturing polyacrylamide gradient gel electrophoresis as previously described. 15 All gels, including standards, were stained with Sudan Black B lipid stain and scanned at 633 nm with a LKB 222-020 Ultroscan XL Laser Densitometer (LKB Instruments Inc, Paramus, NJ). Gel constants were calculated from calibrator plasma for LDL and used to calculate the diameter of LDL particles and the diameter of LDL particles in the unknown samples. 15 LDL particle diameter analysis was added at the end of year one, which explains the smaller sample size (n 43). Insulin concentration was determined by radioimmunoassay (RIA). Glucose concentration was determined enzymatically with autoanalyzers. Glycosylated haemoglobin (GHb) was determined by af®nity chromatography using kits from Isolab (Akron, OH).
Diet
Diet assessment was designed to assist in interpretation of changes in body composition and blood variables, rather than being a primary focus. Two day diet recalls were obtained at baseline to familiarize the children with the procedure. During the intervention, ) on a supine ergometer (Quinton 486T, Seattle, WA). We chose submaximal HR as an index of CV ®tness, because we wanted to minimize the unpleasantness of a maximal effort in obese children who would be required to return repeatedly for testing and ET, and because we have found that it is frequently dif®cult to elicit a`true' maximum effort from obese children. 16 . For testing, the ergometer workrate was increased gradually until power reached the 49 watt level, after which the child maintained that power output for 8 min. Submaximal HR was the average HR over the last 5 min, as measured with an electrocardiogram (ECG) embedded in an echocardiograph (Hewlett-Packard Sonos 100, Andover, MA).
ET
The exercise program was offered 5 daweek; children were paid $1asession for each day of attendance, and given prizes for satisfactory participation (that is, maintenance of HR b 150 bpm). Children were provided transportation via school bus to the gym after school and transportation home after training. Each 40 min ET session was divided into two 20 min halves. During the ®rst half, the children exercised on machines (treadmills, cycles, rowers, etc.), spending 5 min on each. During the second half, children played group games designed to assure that they were continuously active. In addition to minimizing any waiting to participate in the games, the children kept their HR elevated between activities by jumping on mini-trampolines, bench-stepping, rope-jumping, or runningajumping on the spot while waiting their turn.
Each child wore a HR monitor (Polar Vantage, Port Washington, NY) during every session. After each session, the minute-by-minute values were downloaded into a computer and displayed to the child. Points were earned for maintenance of the target HR and prizes were given after accumulation of a speci®ed number of points (approximately every two weeks).
In order to estimate the energy expenditure (EE) during the ET sessions, each child underwent two multi-stage cycle ergometer tests during the four month exercise training period, in which oxygen consumption (VO 2 ) and HR were measured. VO 2 was measured with indirect calorimetry, using a FITCO (Farmingdale, NY) metabolic measurement cart and HR was measured with a Polar monitor. The test started at a power output of 30 watts, and was incremented by l5 watts every 2 min until a HR of approx 180 bpm was reached. The regression of VO 2 and CO 2 on HR was calculated for each child and subsequently used to estimate EE during the ET sessions, based on the child's average HR during class.
Statistical Analysis
The statistical analysis for all outcome variables, except diet, was by mixed-model ANOVA, using the subject as the random factor, and group and time as ®xed factors. This procedure allowed unequal sample sizes at different time points, so that the maximum number of subjects could be utilized in the analysis. Measurements which were not available at a given time point did not cause other observations for that subject to be excluded from the analysis, as the missing observations were estimated from subject time and group totals, using a least-squares procedure. Least-square means provided estimates of the expected values of the group means if the design were balanced. In cases where a signi®cant group by time interaction was found, ®gures were constructed to help interpret the data. Log transformations were used to normalize variables that were not normally distributed. Pearson correlations were used to examine the relationships between changes in dependent variables. For the diet data, the means for all subjects during their periods of ET and no-ET were compared by t-tests for matched samples. All statistical analyses were performed using SAS version 6.12 (SAS Institute Inc, Cary, NC). A value of P`0.05 was considered signi®cant.
Results
Baseline subject characteristics are presented in Table  l . There were no differences between Group 1 and Group 2 for any blood variables. The mean (s.d.) attendance for ET classes was 80% (16) (that is, 4 daweek) for the 73 children who completed four months of ET. The HR and estimated EE per ET session were 157 (7) bpm and 974 (201) kJ (233AE 48 kcal), respectively. Table 2 shows descriptive statistics (untransformed data) at each time point, and the P-values for the group x time interactions, using analyses of logtransformed data for TG and insulin.
Signi®cant (P`0.05) group by time interactions were found for insulin, TG and %fat. Figure 1 shows that plasma insulin concentrations decreased in both groups during periods of ET and increased during Exercise training and insulin resistance syndrome in obese children MA Ferguson et al periods of no-ET. Figure 2 shows that plasma TG concentration decreased in both groups during their 4-month periods of ET. However, they increased during the ®rst 4-month period in Group 2, but continued to decline in Group 2 during the second 4-month period of the study. For the other blood variables, no signi®cant group by time interactions were found.
When examining LDL particle diameter, there was no signi®cant group by time interaction. However, plasma TG concentration and LDL size at baseline, for both groups combined, were inversely correlated ( Figure 3) . We also explored the relationship between changes in plasma TG concentration and changes in LDL size, by deriving a change score for all subjects, regardless of group membership. Thus, the change scores for Group 1 were derived by subtracting the baseline values from the 4-month measurement, while the change scores for Group 2 were derived by subtracting the 4-month measurement from the 8-month measurement. The changes in plasma TG concentration were negatively associated with changes in LDL particle diameter (r À0.38, P 0.02); that is, those children who decreased most in plasma TG concentration tended to increase the most in LDL size. In a similar manner, we combined data from both groups to assess changes from before to after the 4-month period of no-ET and found a negative correlation between changes in plasma TG concentration and LDL diameter Table 2 shows the means for %fat, in order to assist with the interpretation of the blood variables. The pattern of changes in %fat was very similar to the pattern of changes in plasma insulin concentration; that is, both groups declined during the periods when they were engaged in ET, and increased during the periods of no-ET. Table 2 also shows the results for submaximal HR. Although the group x time interaction failed to reach signi®cance (P 0.06), the pattern was as predicted; that is, means declined during periods of ET compared to periods of no-ET. Analyses that incorporated gender and ethnicity found no signi®cant interactions with these factors (data not shown).
Discussion
This study showed that in obese children, regular ET, without dietary intervention, led to favourable changes in certain aspects of IRS (plasma TG concentration, plasma insulin concentration and %fat) during the 4-month periods of ET as compared to the 4-month periods of no-ET. Moreover, in the group engaged in the ET during the ®rst 4 months of the study, plasma insulin concentrations and %fat rebounded in the 4 months following cessation of the ET, providing insight as to what might happen in obese children when ET is administered and then withdrawn. Using crude estimates of dietary intake we found no differences in nutrition between periods of ET and no-ET. 17 We also found an increase in the estimated total daily physical activity recalls, 17 so we attributed the changes in the IRS components to the exercise intervention. Our documentation of the ET participation provides assurance that a substantial dose ( b 3800 kJ or 920 kcal weekly) of training was imparted to the children. The amount of ET completed by the children falls within the guidelines of recommendations by the American College of Sports Medicine for adults. 18 More details on the changes in body composition, CV ®tness and free-living activity are provided elsewhere. 17 The reduction in plasma insulin concentration with no change in plasma glucose concentration would suggest greater insulin sensitivity; this ®nding has been demonstrated in ET studies of adults and adolescents 4, 19 During the 4-month period of no-ET, Group 1 increased plasma insulin concentration without changing plasma glucose concentration, suggesting a reduction in insulin sensitivity. This ®nding has been observed in adult detraining studies, 20 but we are unaware of any previous reports of this in children. Because of the parallel decreases in %fat and plasma insulin concentration, these data suggest that regular exercise can improve insulin sensitivity in children, possibly through reductions in body fat, and that the changes are reversible when the ET is stopped. This ®nding is very important in the light of the suggestion by Arslanian and Suprasongsin, 21 that in childhood a decrease in insulin sensitivity is one of the ®rst manifestations of IRS. We must be cautious when interpreting these results, since sensitivity was inferred from a single fasting insulin value. However, in support of this approach, Petrie et al 22 found a strong negative correlation (r À0.82, P`0.05) between serum insulin concentration and insulin sensitivity, as assessed by an oral glucose tolerance test (OGTT) in non-diabetic subjects.
Plasma TG concentration also decreased after periods of ET in both groups. Adult and some child studies have found similar results. 6, 23 ET is thought to reduce plasma TG concentration through enhanced TG clearance via plasma lipoprotein lipase 24 andaor by a decreased production of TG. 25 The increased insulin sensitivity suggested by the current study, supports this hypothesis, since insulin is known to be a mediator of lipoprotein lipase. 24 Additionally, decreases in %fat following ET are associated with decreased plasma TG concentration and increased insulin sensitivity. 26 Plasma TG concentration increased in Group 2 during the ®rst 4 month period, in which they were not involved in ET. This rise corresponded to increases in %fat and plasma insulin concentration.
Plasma TG concentration has been found to be inversely related to LDL size. Smaller and more dense LDL particles have greater susceptibility to being oxidized and increase the risk of future noninsulin dependent diabetes mellitus (NIDDM) and CVD. 27 An adult study recently found that a combination of ET and diet modi®cation led to decreased whereas diet alone did not in¯uence LDL particle size signi®cantly. They suggested that a low fat diet coupled with exercise, may alter very low density lipoprotein cholesterol (VLDLC) production such that larger, less dense VLDL particles are produced, which in turn are metabolized into larger, less dense LDL particles. At baseline, similar to adult studies, 29 we showed that LDL diameter was inversely correlated with plasma TG concentrations (r À0.57, P`0.001). To our knowledge, this is the ®rst study of children to report this ®nding. We also found that changes in these two variables were inversely correlated. These results are consistent with the hypothesis that when plasma TG concentration is reduced, LDL particle diameter increases. Since we did not see a signi®cant change in mean LDL diameter, longer time periods than 4 months may be necessary before clear changes in this variable are seen in children. Studies with larger sample sizes and longer periods of ET are needed to test this hypothesis.
The remaining lipid and lipoprotein concentrations did not change signi®cantly in response to the intervention. The absence of change in Lp(a) is consistent with results of other studies and with the idea that this atherogenic lipoprotein is largely determined by genetic rather than behavioural factors. 30 Therefore, it appears that plasma TG is the lipid most sensitive to change by ET in children, possibly because of its close association with insulin. 24 
Conclusion
These data indicate that in obese children, favourable changes in some components (plasma TG, insulin, %fat) of IRS may result from regular exercise. Additionally, the bene®ts of ET are lost when obese children become less active. These data support the concept that childhood exercise may play a role in primary prevention of`adult' health problems such as CVD and NIDDM.
